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The beginnings of pig domestication in Southwest Asia are con-
troversial. In some areas, it seems to have occurred abruptly ca.
10,500 years ago, whereas in nearby locations, it appears to have
resulted from a long period of management of wild boar starting
at the end of the Late Pleistocene. Here, we present analyses of
suid bones from Akrotiri Aetokremnos, Cyprus. This site has pro-
vided the earliest evidence for human occupation of the Mediter-
ranean islands. Morphological analysis and direct radiocarbon
dating of both degraded collagen and apatite of these bones reveal
that small-sized suids were living on Cyprus 11,400–11,700 years
ago. We demonstrate that these suids were introduced by humans
and that, at this early date, their small size must result from island
isolation. This sheds light on the early Holocene colonization of
Cyprus and on pre-Neolithic Mediterranean seafaring. We further
argue that wild boar were managed on the mainland before their
introduction to Cyprus (i.e., before the beginning of the Neolithic
and at least 1 millennium before the earliest known morphological
modifications attributable to domestication). This adds weight to
the theory that pig domestication involved a long period of wild
boar management that started about the time of the Pleistocene/
Holocene transition.
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Among the various places where pigs have been indepen-
dently domesticated through the Old World, Eastern Ana-

tolia (Turkey) is the earliest (1). In the upper Euphrates basin,
at Nevalı Çori, a rapid decrease in animal size ca. 10,500
calibrated radiocarbon date (cal.) B.P. suggests an abrupt event
and a constant and intensive breeding pressure (2). On the other
hand, in the long chronological sequence of Çayönü in the Tigris
valley, evidence suggests that domestication began earlier but
evolved more slowly, with fully domestic pigs emerging around
ca. 9,000 cal. B.P (3). This suggests the existence of an inter-
mediate stage between ‘‘hunting’’ and ‘‘breeding.’’ Although
disputed, wild boar at Hallan Çemi (4, 5) in the Tigris Basin
might have been managed in the wild as early as 13,000–12,700
cal. B.P. in a way similar to the way they are managed by some
modern New Guineans (6). In this controversial context, the
presence of a small number of suid bones at the Cypriot site of
Akrotiri Aetokremnos dated to ca. 12,500 cal. B.P. deserves
further attention.

Cyprus has never been connected to the mainland. Today, the
minimal distance to the mainland is 69 km, and the last Pleni-
glacial marine regression only reduced it to 63 km, with an islet
in-between (7). As a result of this long isolation, the last Late
Glacial Cypriot terrestrial mammal community was character-
ized by a small number of endemic species: dwarf elephants and
hippopotami, a genet, and 1 or 2 species of mice (8, 9). The
earliest evidence for human presence on the island came from
Aetokremnos, a small collapsed rock shelter on the island’s
southern coast (9–11). The site is composed of 3 principal layers.
The lowest (layer 4) produced a huge number of pygmy hippo-
potami (Phanourios minutus) as well as smaller amounts of other
fauna and lithic artefacts. Layer 3 is nearly sterile. Layer 2

yielded numerous lithic artefacts, shellfish and bird remains, and
a few hippopotami bones (9). Radiocarbon dating of charcoal
from layers 2 and 4 attests that humans were present on Cyprus
over 12,000 years ago (i.e., shortly before the beginning of the
Holocene) (9). The exact role played by humans in hippopota-
mus extinction remains controversial, because the reliability of
14C dating carried out on hippopotamus bones is problematic
(10, 12–15). However, most scholars agree that the hippopotami
did not survive after the beginning of the Holocene some 11,800
years ago.

Pertinent to this essay was the interpretation of 18 bones,
originally identified as pig (14 bones) and deer (4 bones) (16).
They were spread throughout the 3 layers. No evidence for the
presence of suid or deer has been documented in the faunally
rich Pleistocene deposits of Cyprus (8). The earliest presence on
the island of both taxa is associated with the Early Prepottery
Neolithic period, dated to 10,400–10,000 cal. B.P (17). The
identification of the bones (18) and whether they date to the
occupation of Akrotiri or are more recent intrusions (18, 19)
were in question. Here, we report a previously undescribed
taxonomic study of this assemblage, including comparisons with
faunal samples from the mainland as well as radiocarbon dating
of the suid remains.

Results
Anatomical and Taxonomic Revision. Anatomical and morpho-
metrical analyses demonstrate that the 4 phalanges originally
attributed to the Mesopotamian fallow deer (Dama mesopota-
mica) (16) are actually the first and third axial phalanges of suids
(Sus scrofa) (Fig. 1). Evidence for the revision of the identifi-
cations is supplied in (SI Text and Figs. S1–S3). Therefore, the
incisor and the 17 metapodials and phalanges all belong to suids
(Table S1). They indicate the presence of at least 2 individuals
(aged 18–24 months old and more than 25 months old at death).
The very unbalanced pattern of the representation of skeletal
parts (Fig. S4) argues for selection by a predator, either animal
or human (assuming that no suid bones were left unidentified
among the nearly 220,000 hippopotamus bones recovered from
the site; SI Text). Only the bearded vulture (Gypaetus barbatus)
is able to accumulate bones with such a high rate of phalanges
(20), but it always leaves numerous digestion marks, which are
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ited for study in the Muséum national d’Histoire naturelle, Paris, and will be deposited
finally in the Kourion Museum at Episkopi, Cyprus.

1To whom correspondence should be addressed. E-mail: vigne@mnhn.fr.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0905015106/DCSupplemental.

www.pnas.org�cgi�doi�10.1073�pnas.0905015106 PNAS � September 22, 2009 � vol. 106 � no. 38 � 16135–16138

EN
V

IR
O

N
M

EN
TA

L
SC

IE
N

CE
S

A
N

TH
RO

PO
LO

G
Y

http://www.pnas.org/cgi/data/0905015106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0905015106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0905015106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0905015106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0905015106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/content/full/0905015106/DCSupplemental
http://www.pnas.org/cgi/content/full/0905015106/DCSupplemental


missing at Aetokremnos. However, such a pattern may fit butch-
ery refuse (21) or bones left by humans as part of a hide (16).

Radiocarbon Dating. In the absence of preserved bone collagen in
the unburnt bones, we dated the organic and inorganic (biogenic
apatite or bioapatite) fractions of burnt bones. When exposed to
low temperatures, bone collagen degrades, becomes trapped in
the apatite structure, and can therefore be dated. At higher
temperatures, bioapatite recrystallizes and becomes more resis-
tant to diagenetic alteration (22). Three axial third phalanges
were selected, showing different degrees of burning: unburnt
(FN422); charred (FN1138A), and partly calcined (FN1138B).
Degraded collagen from FN1138A gave the oldest age (10,045 �
52 B.P.; Table 1), followed by the bioapatite from FN1138B
(9,842 � 54 B.P.). The other 2 bioapatite samples gave signifi-
cantly younger ages. The difference of 1,000 years in 14C age
between the organic and inorganic fractions from the same bone
(FN1138A) suggests that the inorganic carbon from bone apatite
experienced isotopic exchange with surface waters. Therefore,
we rejected the 2 dates on charred and unburnt apatite. FN1138B
may have suffered from limited isotopic exchange with soil
waters because of the fact that it was only partially calcined (23).
In conclusion, degraded collagen provides the most accurate and
reliable date, followed by partly calcined apatite. After calibra-
tion (24), our results indicate an age of 11,700–11,400 cal. B.P.
(1�). Although slightly younger than the main occupation of
layer 2, this date excludes the possibility that the suid bones are
a Neolithic or more recent intrusion.

Morphometrical Comparisons. The Aetokremnos phalanges are 9 to
20% smaller than Late Dryas wild boar phalanges from the
Levant (Fig. 2, SI Text, and Table S3). They are also significantly
smaller than phalanges from the Early and Middle Prepottery
Neolithic B (PPNB) domestic suids in this area (Fig. 2). Con-
versely, they are the same size as the very small domestic pigs of
the Final PPNB of Gürçü Tepe (Turkey) and of the Pottery

Neolithic domestic pigs in Israel. They are also the same size as
the Early and Middle Neolithic domestic pigs of Corsica, which
are among the smallest known Holocene suids from a Mediter-
ranean island.

Discussion
Radiocarbon dating indicates that the Aetokremnos suid remains
are Early Holocene in age. They are too small to come from any
known wild population living on the continent at that time. We
can also exclude a continental domestic origin, because the
earliest size decrease attributable to domestication is attested at
least 1 millennium later on the mainland (2, 3). Consequently,
even if these phalanges were part of a hide (or of butchered
provisions), they could not have been imported from the main-
land, and we conclude that suids were living on Cyprus at least
11,400 years ago. At such an early date, the 9–20% size differ-
ence between Aetokremnos suids and the Levantine wild boar
dated to the Younger Dryas most likely results from an island
effect rather than domestication pressure.

It is unlikely that this population migrated to Cyprus very
long before the 12th millennium cal. B.P., because there is no
record of suids in the Pleistocene faunas of Cyprus (8).
Starting from the time a large mammal population is isolated
on an island, size decrease and reduction of the limb extrem-
ities occur very fast (25), especially for suids (26). During the
Pleistocene, endemic hippopotami probably saturated most of
the large mammal ecological niches of Cyprus, precluding the
settlement of any potential competitor on the island. Their
Late Pleistocene extinction released numerous niches that
could, in turn, have been colonized by suids, which are known
for their ecological adaptability and prolificacy (26, 27) and
have biological traits close to those of hippopotami. Although
good swimmers, colonization of remote islands by wild boar is
not known anywhere in the world (e.g., Japan, New Guinea)
(26, 27), and there is no record of suids on any of the isolated
Mediterranean islands during the Pleistocene (28). It seems
that early Holocene wild boar would not have crossed the
70-km wide Cyprus channel frequently enough to form a
permanent population on the island. During the last Plenigla-
cial, the distance between Cyprus and the mainland was
reduced to 63 km because of the 130-m lowering of the sea
level. Bathymetric maps indicate the presence of an undersea
ridge stretching from the tip of the Karpass Peninsula toward
the Gulf of Iskenderun (7). At least 1 island would appear
along this ridge with a lowering of 130 m, reducing the distance
between Karatas and Cyprus to 2 spans of water of 45 and 18
km. However, even a 45-km journey in the open sea remains
too long for wild boar. This is especially true if the currents are
strong, as they should probably have been during the last
Pleniglacial, because of the higher temperature gradient be-
tween the south and the north of the Eastern Mediterranean
basin and because of a narrower sea arm between Cyprus and
the Levantine coastline.
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Fig. 1. Dorsal views of abaxial (A and B) and axial (C and D) third phalanges
of suids from Aetokremnos: FN367 N97E87–88 (A), FN385 N99E87 (B), FN914
N96E89 (C), and FN340 N96E91 (D). C and D were previously attributed to the
fallow deer (16). Photograph courtesy of J.-D.V.

Table 1. Radiocarbon dates and calibrations from Akrotiri suid phalanges

AA ref. Sample Material
Date,
years �, years

d13C
(PDB, ‰)

cal. B.P.

68.2% 95.4%

From To From To

79920 FN422 Bone apatite 8,588 50 �12.8 9,505 9,598 9,488 9,668
79921 FN1138A Bone apatite (charred) 9,055 52 �14.6 10,194 10,245 9,964 10,380
79922 FN1138B Bone apatite (partly calcined) 9,842 54 �18.7 11,201 11,285 11,179 11,390
79923 FN1138A Degraded collagen 10,045 69 �25.1 11,396 11,746 11,272 11,956

Radiocarbon (14C Accelerator mass spectrometry, AMS) dates from Aetokremnos suid phalanges. Dates are calibrated using the Radiocarbon calibration
programme rev. 3.0.3. (24). Only the outer limits of the ranges are shown. For details of method, see Materials and Methods.
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It is more likely that these suids were purposefully introduced by
humans, who can thus be suggested as having frequented the island
before the occupation of Aetokremnos. Mesolithic and Neolithic
introductions of suids by humans are attested in the Baltic Sea (27);
in the Mediterranean (28); in Japan (26); in Flores, Timor, and New
Guinea (29); and, later, in many islands of the Indian Ocean and
Pacific Ocean. Recent reports of small-sized suid bones on the
Aegean islands of Youra and Kythnos during the 10th and 11th
millennia cal. B.P (30) suggest that managed wild boar predated
domestic pigs in this area by at least 1 millennium. The recent
discovery of suid bones at the likely PPNA site of Agia Varvara
Asprokremnos (31) and the dominance of suids in the earliest
Cypro-PPNB phases at Shillourokambos (10,400 cal B.P.) (17)
suggest that suids survived in Cyprus and continued to be a major
resource throughout the Neolithic. Thus, contrary to what was
previously hypothesized, the island was not lacking game between
the Late Pleistocene extinction of the small hippopotami and the
Early Holocene introduction of domestic animals (19). Suids are
one of the most prolific and easy-to-catch animals, and their
presence on Cyprus could have been the reason for visits or even
permanent settlement by humans.

Anthropogenic introduction of suids to Cyprus during the
12th millennium cal. B.P. also implies that wild boar were
already managed on the continent at that time (i.e., 1,500 years
before the earliest attested domestication) (2). Management in
the wild during the Younger Dryas has been suggested for
gazelles [Natufian (32)], goats [Zarzian (33)], and wild boar
[Late Natufian (4, 5)]. Genetic analyses of the existing pop-
ulations of the ancestor of the domestic goat, the bezoar goat
(Capra aegagrus), have recently indicated that management of
this goat occurred over a very large area, from Eastern
Anatolia to the Iranian Central Zagros, and probably predated
domestication (34). The transportation of wild boar to Cyprus
12,000 years ago is one of the strongest cases for predomestic
management. This clearly demonstrates a long period of
management in the wild (6) before morphological change
attributable to domestication, as observed at Nevalı Çori (2).
Such an intermediate wild-domestic status in both the Upper
Tigris valley (3–5) and Cyprus indicates that pre-Neolithic wild
boar management could have been practiced from Eastern
Anatolia to the Mediterranean coast. Even if these suids were
still wild, this practice appears to be an early step in the
domestication process. The ensuing rate of intensification of
control of suid populations then varied from place to place,
leading to fast morphological modifications at some sites of the

Upper Euphrates valley (2) and slower changes at others, as in
the Tigris basin (3).

Materials and Methods
Radiocarbon Dating of the Suid Remains. In an initial attempt to date the suid
remains, 2 (unburnt) samples were sent to the radiocarbon laboratory in
Belfast (U.K.). They gave a collagen/bone yield of 0.3 and 0.03%, respectively,
below the acceptable limit (1%) to produce a reliable 14C date based on bone
collagen. This is in keeping with results previously reported (9) on Phanourios
bones from the same site, suggesting that conditions here do not favor
collagen preservation.

It was therefore decided to focus on the inorganic fraction of bone,
carbonate hydroxylapatite or bioapatite. Bioapatite contains about 1 wt %
carbon in the form of carbonate ions, which substitute for phosphate and can
be used for 14C dating. The suitability of this inorganic carbon for radiocarbon
dating was suggested a long time ago (35), and it was successfully applied to
bones found in sub-Saharan environments (36, 37). In the absence of tooth
enamel, calcined bones are the best candidate for 14C dating (22). This is
because when exposed to temperatures above 600 °C, bioapatite crystals
increase in size and become more resistant to chemical exchange. Calcination
is associated with a decrease in �-13C values (up to 10‰), which can be used as
an indicator of the degree of recrystallization (24).

Three suid bones (all coming from layer 2) were selected for 14C dating,
showing different degrees of cremation: not cremated (FN422), charred
(FN1138A), and partly calcined (FN1138B). Secondary carbonates present in the
porosity of bioapatite were leached under vacuum using 1 M acetic acid until
there was no visible degazing. The advantage of this method is that it preferen-
tially removes secondary carbonates without altering bioapatite carbonate (38).
To test for carbon isotope exchange in bioapatite, we dated the organic fraction
of FN1138A, together with the bioapatite fraction of the same bone. In charred
bones, bioapatite is not recrystallized, and it is therefore comparable to unburnt
bones. The organic fraction originates from degraded collagen and can be dated
after acid/alcali/acid pretreatment to remove secondary carbonates and humics/
huminacids. Thepurifiedsamplewas thenheatedat450 °C in thepresenceofO2,
and the evolved CO2 was trapped by cryogeny. For apatite samples, CO2 was
liberatedwith4mLof60%phosphoricacid(vol/vol)at90 °C.Graphitization,AMS
measurements, and data processing were performed at the University of Arizona
AMS 14C Laboratory (Tucson, AZ).

Osteometric Methods and Material for Size Comparisons. To maximize the
dataset, we compared all measurable phalanges from Aetokremnos (ab-
axial and axial) using the log size index technique (39). As references for
this, we used the mean values of measurements of abaxial and axial
phalanges from the large Cypriot suid bone series from a homogeneous
stratigraphic unit (US 1,000, ca. 9,500 –9,000 cal. B.P.) of the third section of
the Early Prepottery Neolithic site at Shillourokambos. To reduce allometric
effects, we only used length measurements of the phalanges: greatest
length for the first phalanx, peripheral greatest length for the second, and
dorsal length for the third [measured according to von den Driesch (40)].
The dispersion coefficients (100 � mean/SD) of these measurements taken

domestic pigs
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Fig. 2. Comparison of the size of the suid phalanges at Aetokremnos with those of contemporary wild boar, PPNB early domestic suids, Pottery Neolithic pigs
of the Northern and Southern Levant, and Neolithic Mediterranean island pigs from Corsica. The reference value (0.00) is the mean of the values of the pig
phalanges from US 1,000, at Shillourokambos, Cyprus. References for data are listed in SI Text.
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on the reference series range below 10% (5– 8.2%, Table S3), indicating
both a moderate natural variability and low measurement relative errors,
and thus a good reliability, even for abaxial phalanges.

Because archaeozoologists usually do not take or publish these measure-
ments, it is difficult to find large series of comparative references in the literature.
We only took into consideration the measurements of the axial second and third
phalanges. The references that we used are as listed in SI Text.
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